To gain insight into the diversity and origins of antibiotic resistance genes, we identified resistance genes in the soil in an apple orchard using functional metagenomics, which involves inserting large fragments of foreign DNA into Escherichia coli and assaying the resulting clones for expressed functions. Among 13 antibioticresistant clones, we found two genes that encode bifunctional proteins. One predicted bifunctional protein confers resistance to ceftazidime and contains a natural fusion between a predicted transcriptional regulator and a ␤-lactamase. Sequence analysis of the entire metagenomic clone encoding the predicted bifunctional ␤-lactamase revealed a gene potentially involved in chloramphenicol resistance as well as a predicted transposase. A second clone that encodes a predicted bifunctional protein confers resistance to kanamycin and contains an aminoglycoside acetyltransferase domain fused to a second acetyltransferase domain that, based on nucleotide sequence, was predicted not to be involved in antibiotic resistance. This is the first report of a transcriptional regulator fused to a ␤-lactamase and of an aminoglycoside acetyltransferase fused to an acetyltransferase not involved in antibiotic resistance.
In the middle of the 20th century, the discovery of antibiotics dramatically changed the tools available to cure infectious disease. Today, antibiotics control many diseases, but use, overuse, and misuse have led to an alarming increase in the frequency of human pathogens that do not respond to antibiotic therapy (4, 14, 16, 31) , underscoring the need for new antibiotics (reviewed in reference 10) and a better understanding of the origins of antibiotic resistance.
Soil microbial communities are potential reservoirs of antibiotic resistance genes, but these reservoirs have rarely been studied. Bacteria living in soil are attractive for this investigation because of their inherent genetic diversity and the abundance of antibiotic-producing soil bacteria, which predicts the presence of resistance genes in producers and susceptible target bacteria (1, 27) . A study of Streptomyces isolates from diverse soils found that all of the 480 strains tested were resistant to multiple antibiotics (15) .
Analysis of antibiotic-resistant bacteria typically involves culturing bacteria from an environmental sample on a medium that contains the antibiotic of interest. However, fewer than 1% of all microbes are readily culturable; thus, culture-based analysis excludes most of the microbial diversity (7-9, 18, 20, 24) . To access a broad suite of resistance genes, we previously used functional metagenomics, a technique that enables discovery of antibiotic resistance genes from organisms that may or may not be readily culturable. Additionally, selections for functional enzymes can interrogate all expressed proteins in the library and not just those with sequences homologous to known proteins. This approach has revealed genes that would have been missed by sequence analysis alone (19) . Since the overwhelming majority of known antibiotic resistance genes originated from culturable bacteria, there are likely many more resistance elements yet to be found. In addition, many of the known resistance genes are from clinically important bacteria. Recent work from our laboratory demonstrated that certain resistance genes found in soil bacteria are related only distantly to those found in clinical isolates, indicating that more work needs to be done to understand the relationship between resistance genes present in soil and those in clinical isolates (1, 27) .
In the current study, we constructed a metagenomic library from soil bacterial communities and screened the library for clones that confer antibiotic resistance to tetracycline, ␤-lactams, or aminoglycoside antibiotics. We identified 13 clones that conferred resistance to at least one of the antibiotics tested. Among these clones we found genes encoding two putative novel bifunctional enzymes.
MATERIALS AND METHODS
Soil sampling. Soil samples were taken from below apple trees located in an apple orchard in southern Wisconsin (42 o 58ЈN, 89 o 28ЈW). Two samples, one on the northern side and one on the southern side, from each of two trees were collected on 26 April 2007. After visible vegetation had been removed, a core of soil approximately 5 cm deep and 10 cm in diameter was removed. Each sample was stored on ice for transport to the laboratory, where it was kept frozen at Ϫ20°C until DNA was extracted.
Library construction. Metagenomic libraries were constructed as previously described (21) , with the following modifications. Agarose plugs containing lysed bacterial cells were embedded in a 1% low-melt agarose gel and electrophoresed to size select the DNA. The region of the gel corresponding to 40 to 100 kb was excised, and the DNA was extracted using the GELase enzyme according to the manufacturer's protocol (Epicentre Biotechnologies, Madison, WI). The resulting DNA was ligated into the pCC1FOS fosmid vector, packaged into phage, and introduced into the EPI300 strain of Escherichia coli using the CopyControl fosmid library production kit (Epicentre Biotechnologies).
antibiotic, to serve as a control for growth. To each well in the assay, ϳ10
5 CFU of a strain carrying a metagenomic clone were added, bringing the volume to 100 l. The wells were scored for visible growth after incubation for 18 h at 28°C. The susceptibility corresponds to the concentration of antibiotic in the last well that showed no cell growth. Each clone was subjected to three assays. In almost all cases, the three values were identical; when they were not, the lowest value is reported. All values obtained for cells bearing each clone were within one dilution of each other.
Nucleotide sequence accession numbers. Sequence data obtained from this work were deposited in GenBank with the following accession numbers: AOAmox2, GQ244488; AOCarb3, GQ244489; AOCefta2, GQ244490; AOAmox1, GQ244491; AOCarb11, Q244492; AOCefta11, GQ244493; AOPip4, GQ244494; AOCarb2, GQ244495; AOCefta1, GQ244496; AOKan4, GQ244497; AOKan6, GQ244498; AOKan8, GQ244499; and AOTet43, GQ244501.
RESULTS
Construction of the metagenomic library. We sampled soil from a commercial apple orchard because the aminoglycoside antibiotic streptomycin is applied in this orchard two to four times per year to prevent the bacterial disease fire blight. The soil was used to construct a metagenomic library that contained approximately 446,000 clones. The average insert size was approximately 30 kb, which produced a library containing over 13 Gb of metagenomic DNA. Assuming an average genome size of 5 Mb, this library captures more than 2,500 bacterial genome equivalents.
Streptomycin resistance. The orchard from which the soil was taken has a history of streptomycin exposure, and consequently, we selected for streptomycin-resistant clones and found none. Since the strA-strB gene pair from Tn5393, which confers streptomycin resistance (12, 13), had been found previously in culturable bacteria isolated from the soil in this orchard (A. Klimowicz, personal communication), we investigated the possibility that the strA-strB gene pair was present in our library but not expressed in the E. coli host. PCR amplification with primers specific to strA and to strB revealed bands corresponding to 753 bp and 561 bp, the expected sizes for the strA and strB fragments, respectively (Fig. 1 ). The identity of the genes was confirmed by sequencing, which revealed 100% identity at the nucleotide level with the expected strA gene. The same analysis indicated that all of the nine plasmids from library subpool 1 that contained inserts matched the expected strB gene.
Clones conferring antibiotic resistance. To detect genes that confer resistance to other antibiotics, we subjected the metagenomic library to selection on the following 10 antibiotics: the ␤-lactams ampicillin, amoxicillin, carbenicillin, cefamandole, ceftazidime, cephalexin, and piperacillin; the aminoglycosides gentamicin and kanamycin; and tetracycline. We identified 13 clones that confer resistance to at least one of the antibiotics tested (Table 1) . Among the 13 active clones, 11 contained homology to previously reported enzymes involved in antibiotic resistance, including eight ␤-lactamases, two from each of the four Ambler classes of ␤-lactamases (3). Although the functions of the enzymes encoded by these clones were assigned based on sequence homology, the sequences of these genes indicate their novelty. The sequences are different enough from those in the NCBI nr database that a nucleotide BLAST analysis of these clones was unable to identify significant matches. A protein BLAST analysis identified matches, although the similarities were still low. Selection on kanamy- cin, an aminoglycoside antibiotic, yielded two clones that contain aminoglycoside acetyltransferase homologues (aac6Ј gene products). Selection for tetracycline resistance yielded the AOTet43 clone encoding an efflux pump. In addition, we identified two clones, AOCefta2 and AOKan4, that both encoded bifunctional enzymes. Antibiotic susceptibility assays. E. coli was the host used for the identification of genes conferring resistance to antibiotics. Therefore, the gene products encoded by these clones are functional in E. coli, and since E. coli is a human commensal, it is important to evaluate the spectrum of antibiotic resistance of E. coli cells bearing each of these genes. We conducted antibiotic susceptibility assays on all clones and have referred to any clone that confers a reproducible decrease in susceptibility to antibiotics as conferring resistance to that antibiotic. For those clones conferring resistance to ␤-lactam antibiotics, the antibiotic susceptibility value was determined for each of four ␤-lactams, amoxicillin, carbenicillin, ceftazidime, and piperacillin (Table 2 ). These were chosen because each clone was isolated on media containing at least one of these antibiotics. These antibiotics also were useful in determining the spectrum of resistance since they represent members of both the penicillin and cephalosporin structural subclasses. Two clones, AOCefta2 and AOCefta11, increased resistance to ceftazidime only. This is consistent with the fact that the clones were found in bacteria cultured with ceftazidime but not with other antibiotics. All other clones containing ␤-lactamases conferred enhanced resistance to at least one of the other ␤-lactams tested.
For those clones conferring resistance to kanamycin, AOKan4, AOKan6, and AOKan8, the antibiotic susceptibility values were determined for kanamycin only. Each of these clones increased resistance to kanamycin compared to the vec- FIG. 1 . Detection of strA and strB streptomycin phosphotransferases in the metagenomic library. Each of five subpools of the metagenomic library, as well as a positive and a negative control, was used as a template to amplify the strA and strB genes. A total of 5 l of each PCR was separated on a 1% agarose gel in 1ϫ Tris-borate-EDTA (TBE). Lane M contains the 1-kb DNA ladder (Promega, Madison, WI). Primers specific to strA were used in lanes labeled "strA" and should result in a band at 753 bp. Primers specific to strB were used in lanes labeled "strB" and should result in a band at 540 bp. Lanes labeled "ϩ" are positive-control PCRs using the strA and strB genes as templates. Lanes labeled "Ϫ" contain products of PCR with no DNA template as a negative control. The sizes of the molecular weight markers are indicated on the left. b Resistance refers to the antibiotics in the media on which E. coli cells bearing each fosmid clone were isolated. c BLAST analysis was performed as described previously (2) . The values in parentheses are the percent amino acid identity of the best match followed by the GenBank accession number of the best match. tor-only control. Because the active gene from the AOTet43 metagenomic insert encodes a putative efflux pump, antibiotic susceptibility values were determined for tetracycline, kanamycin, carbenicillin, and ceftazidime to assess a broad resistance profile. However, AOTet43 conferred resistance only to tetracycline.
Clone AOCefta2. In addition to the eight clones in which the active gene encodes only the ␤-lactamase, we identified one ␤-lactamase gene, cft2 in clone AOCefta2, that has a unique genetic arrangement. The protein encoded by the entire 1,821-bp ORF was submitted to a BLAST search, which yielded Lra5 (49% identity), a class A ␤-lactamase isolated from an uncultured bacterium found in Alaskan soil, as the best match. The ␤-lactamase homology was restricted to the C-terminal 265 amino acids ( Fig. 2A) . Although the approximate size expected for a full-length ␤-lactamase is 265 amino acids, the cft2 ORF encodes a protein of 607 amino acids. To identify the potential function of the rest of the protein, the C terminus (amino acids 343 to 607) was excluded from our analysis and the BLAST search was repeated. We found that the N terminus of this ORF, encoding amino acids 40 to 211, has homology (35% amino acid identity) with an extracytoplasmic function (ECF)-type sigma factor from Rhodoferax ferrireducens T118. Exclusion of the N terminus (amino acids 1 to 211) left only the central region of the ORF, which encodes a 133-amino-acid peptide. BLAST analysis of the central region resulted in a match that had an expected value of 0.63, indicating that the central region shows no significant homology to any proteins in the NCBI nr database.
To ensure that the predicted ␤-lactamase domain is responsible for the observed resistance, we cloned the full-length gene as well as the portion of the gene encoding amino acids 343 to 607 into pET28b (Fig. 2B) . The antibiotic susceptibility of E. coli carrying the original fosmid clone was 4 g/ml of ceftazidime. The cft2 ORF and the part of cft2 encoding just the ␤-lactamase domain that were each cloned into the pET28b expression vector conferred antibiotic susceptibility values of 8 g/ml and 2 g/ml, respectively. These values are all greater than the value observed for the host E. coli carrying empty pET28(b) (Ͻ0.5 g/ml).
To our knowledge, there is only one other report of a bifunctional enzyme that confers resistance to ␤-lactam antibiotics (1). Therefore, we sequenced the entire insert of the AOCefta2 clone to determine the genomic context of cft2. The resulting 34,867 bp of DNA had a mean GC content of 56%. The GC content is consistent across the entire insert, suggesting that cft2 is a natural fusion of multiple domains. The insert contains 25 predicted genes on the metagenomic DNA fragment, nearly half of which were predicted to code for hypothetical proteins (Table 3) . Of the genes with similarity to known genes, two had similarity to genes involved in antibiotic resistance or its dissemination. Approximately 15 kb upstream of the ␤-lactamase is an ORF predicted to encode a chloramphenicol 3-O-phosphotransferase. In addition, approximately 5 kb upstream of the ␤-lactamase is an ORF predicted to encode a transposase.
Clone AOKan4. Selection for kanamycin resistance yielded three unique clones. Two of these clones, AOKan6 and AOKan8, each contain a gene that encodes an aminoglycoside acetyltransferase (aac6Ј). Each also contains a gene encoding an acetyltransferase immediately downstream of the aminoglycoside acetyltransferase (Fig. 3A) . The third clone conferring kanamycin resistance, AOKan4, also encodes these two acetyltransferases, but in this case, in a single ORF.
The two acetyltransferase domains in Kan4 were subcloned (Fig. 3B) . MIC analysis demonstrated that the N-terminal 233 amino acids alone conferred the same level of kanamycin resistance (128 g/ml) as the full-length protein. This is consistent with the homology of the N-terminal domain to known aminoglycoside acetyltransferases. The C-terminal domain did not confer resistance to kanamycin.
DISCUSSION
In this study, we used functional metagenomics to identify 13 antibiotic resistance genes in soil from an apple orchard that has been treated with streptomycin. These genes included ␤-lactamases, aminoglycoside acetyltransferases, a multidrug efflux pump, and a bifunctional protein containing a natural fusion of a ␤-lactamase and a sigma factor.
Our initial expectation was to identify streptomycin resistance genes from a community of soil bacteria that had experienced repeated treatment with streptomycin. When we did not detect streptomycin resistance in our functional screens, we used PCR to verify that streptomycin resistance genes are indeed present in the metagenomic library. Since our analysis included only the coding region of the strA and strB genes, it is possible that their regulatory elements contain mutations that would prevent their expression. However, the most likely explanation for this discrepancy is that the streptomycin resistance genes are regulated by genetic elements that are not recognized by the E. coli gene expression machinery.
The low sequence identities of the enzymes identified in this study highlight the novelty of these proteins. Many of the best matches in the NCBI nr database share less than 60% amino acid identity with the enzymes that we found in soil metagenomic libraries. Furthermore, nucleotide BLAST analysis of the NCBI nr database consistently failed to identify genes with significant matches. This lack of sequence conservation with previously described enzymes suggests that functional assays would identify genes that would likely be missed in a sequenceonly analysis. The structure and function of the ␤-lactamase fused to a putative transcriptional regulator are intriguing. Transcriptional regulators are functional inside the cell membrane, whereas ␤-lactamases cleave extracellular molecules. Further experimentation will address the localization of this protein as well as its role in the life of the microorganism.
Additional analysis of the sequence upstream of the cft2 gene provides evidence that this predicted bifunctional gene was not created as an artifact of the library cloning process. The C terminus of the Cft2 protein shows homology to other ␤-lactamases in the PER-1 subclass of the class A ␤-lactamases (29) . The region of DNA upstream of enzymes in this subclass contains a transposase as well as a conserved inverted repeat element (22, 23, 25, 26) . Similarly, the region upstream of the cft2 gene contains a putative transposase gene as well as a 12 out of 17 bp match to the inverted repeat element consensus sequence.
To our knowledge, the kan4 gene encodes the first reported bifunctional aminoglycoside acetyltransferase in which only one domain is involved in antibiotic resistance. There are four reported bifunctional enzymes in which an aminoglycoside acetyltransferase is fused to another domain that also functions in the detoxification of aminoglycoside antibiotics (6, 11, 17) . In the case of Kan4, the N-terminal domain confers resistance to kanamycin, while the C-terminal domain is predicted to encode an acetyltransferase that does not utilize kanamycin as a substrate.
This study, coupled with previous work from our laboratory (1), has uncovered three novel bifunctional enzymes involved in antibiotic resistance. Their presence suggests that these enzymes are more common than previously thought. The findings highlight the benefit of functional metagenomics: without limiting discovery to those genes that can be recognized as resistance determinants by sequence, we uncovered novel enzymes. b BLAST analysis was performed as previously described (2) . The values in parentheses are the percent amino acid identity to the best match followed by the GenBank accession number of the best match. 
